H emifacial spasm (HFS) is typically characterized by unilateral, irregular twitching of the facial muscles and is associated with chronic neurovascular contact near the facial nerve root exit zone.
spreading" of orthodromically directed axonal conduction impulses. 17, 24, 25, 33, 38, 39 The central hypothesis suggests that excitability within the facial motor neuron pool is a result of chronic antidromic signaling produced by the rhythmic pulsing on facial nerve axons. 5, 7, 8, 10, 13, 20, 29, 36 The study of these 2 hypotheses has led to an interesting scientific debate and clever experimental designs for investigating the nature of the pathophysiology of HFS.
A unique neurophysiological feature of HFS is the lateral spread response (LSR). This electromyographic (EMG) signature of HFS is produced by electrically stimulating 1 branch of the facial nerve and observing an EMG response from muscles innervated by a different facial nerve branch. [21] [22] [23] Thus, the stimulus laterally spreads to include other facial nerve branches and muscles. The LSR has been studied frequently in attempts to understand the pathophysiology of HFS. Our group began investigating the peripheral and central hypotheses by examining facial motor evoked potentials (MEPs) acquired during MVD for HFS. 37 We have described the reduction or abolition of spasm-side MEPs after MVD that was coincident with the reduction or disappearance of the LSR. This observation has since been reported by other groups. [6] [7] [8] Although MEPs are unquestionably centrally generated, 19 correlation of MEP changes with the LSR does not definitively identify the locus of action for the LSR or the site of pathophysiology in HFS.
We previously investigated the effects of desflurane on the LSR. 35 In this study, we sought to examine the effects of desflurane on facial MEPs from both spasm-side and control-side facial muscles in patients who were undergoing MVD surgery for HFS. In particular, we assessed facial MEPs in the patients after administering to them total intravenous anesthesia (TIVA) with or without desflurane, because the locus of action of the inhaled anesthetic is within the central nervous system and is known to be suppressive on other types of MEPs. We hypothesized that if peripheral ephaptic transmission is a cause of HFS, then desflurane should influence facial MEPs equally on spasm-and non-spasm-side muscles. However, a central mechanism for HFS pathophysiology would be expected to manifest with differences in desflurane responses between spasm-side and non-spasm-side facial MEPs.
Methods
Patients were recruited in this prospective study after they provided signed informed consent. Our protocol was reviewed and approved by our local institutional ethics committee. The study was registered with the clinicaltrials. gov database under registration number B2012:099.
Included in the study were patients with HFS of either sex between 18 and 75 years of age with otherwise normal neurological examination results and an American Society of Anesthesiologists Physical Status Scale 30 grade of 1 or 2. Exclusion criteria were existing neuromuscular disease, previous surgery with facial nerve involvement, preexisting significant medical disease, clinically detectable facial neuropathy (House-Brackmann Grade 9 ≥ 2), and receipt of botulinum toxin injection(s) within 6 months before surgery.
anesthesia Protocol
Standard monitors were applied and radial artery cannulation was performed before the induction of anesthesia. We induced anesthesia in each patient according to a standard protocol, which included a remifentanil bolus (1 μg/kg), a propofol bolus (2-3 mg/kg), and a depolarizing muscle relaxant (1.5 mg/kg succinylcholine), and the trachea was intubated using an appropriately sized flexometallic endotracheal tube. No neuromuscular blockade was used thereafter. The restoration of neuromuscular function was assessed by using the train-of-four method when stimulating the mandibular branch of the facial nerve and recording the mentalis muscle M wave.
Anesthesia was maintained with the administration of TIVA (propofol [100-300 μg/kg/min] and remifentanil [0.05-0.2 μg/kg/min] infusions). Total fresh gas flow was maintained at 2 L/min with 40% oxygen in air, and the end-tidal CO 2 level was maintained at 30-35 mm Hg. For the study, recordings were obtained after the administration of TIVA alone and of TIVA plus desflurane; the desflurane was initiated at 8%, and flow was increased to 8 L/ min to rapidly achieve a depth of anesthesia of 0.5 and/or 1.0 minimum alveolar concentration (MAC). At least 10 minutes was allowed for equilibration after the introduction or complete elimination of desflurane, as assessed by end-tidal monitoring. All study measurements were obtained before opening the dura mater. Mean arterial blood pressure was kept at 70-90 mm Hg by using intravenous phenylephrine (100 μg)/ephedrine (5-10 mg) boluses as necessary. Normothermia was maintained throughout the procedure. After completion of the study protocol, desflurane was reduced to ≤ 0.5 MAC throughout the procedure.
neurophysiology
On the patient's spasm side, facial muscle electromyography was performed with paired subdermal needles (Medtronic) inserted into the orbicularis oculi, orbicularis oris, and mentalis muscles. On the control side, the paired subdermal needles were inserted into the orbicularis oris and mentalis muscles. Impedances were below 5 kHz. The signals were amplified, filtered (30-3000 Hz), and displayed with a commercial neuromonitoring workstation (Cadwell Cascade or Cadwell Elite).
Although LSR data were not the focus of this study, stimulation of the mandibular branch of the facial nerve to evoke the LSR from the orbicularis oculi also produced an M wave from the mentalis muscle, which we used to assess the level of neuromuscular blockade and to determine the effects of desflurane on the neuromuscular junction. This stimulation was achieved via constant current monophasic pulses (Cadwell ES IX) of 200 μsec, 1 Hz, and between 6 and 40 mA over the mandibular branch of the facial nerve using 2-cm adhesive disc-type electrodes (Cadwell).
The MEPs from the facial muscles were elicited by using transcranial anodal electrical stimulation delivered through subdermal needle electrodes (Ambu) positioned at C-3 (right face) or C-4 (left face) and referenced to Cz (cathode). Single or multipulse anodal stimuli were delivered by using a 50-μsec pulse width from a Cadwell TCS-1 or TCS-4 stimulator. The MEP stimulus threshold was determined from the HFS and control sides in each patient as the minimum stimulus voltage required to elicit a response of ≥ 30 μV in at least 50% of a minimum of 8 trials. 35 For further testing, the stimulus strength was increased, if necessary, to a level above threshold at which an at least 80% response rate was achieved. Responses to transcranial electrical stimulation that had an onset latency of < 10 msec were excluded from analysis, because they were considered contaminated by direct current spread to the extracranial facial nerve. 4 Two-channel electroencephalographic (EEG) activity was monitored in all patients using subdermal needles (Chalgren) positioned at F-3 and F-4 referenced to CPz. The records were amplified and displayed with a 5-second full sweep and filtered from 1 to 70 Hz. Digital analysis of the records was performed continuously and displayed as a density spectral array (DSA) for quantification of the EEG results over time. The EEG results were categorized into 1 of 3 descriptors during the 2 anesthesia conditions. "Isoelectric" was defined as an absence of EEG activity, "burst suppression" was defined as at least 1 to 5 seconds of suppression followed by bursts of EEG activity, and "alpha/delta" was defined by predominant alpha and delta bands derived from the DSA analysis.
study Protocol
We compared facial MEPs obtained after the administration of TIVA with those obtained after the administration of TIVA plus desflurane. Because each patient served as his or her own control, we a priori assigned half of the patients to initially undergo TIVA followed by the addition of desflurane to 1 MAC, and the other half of the patients underwent a combination of TIVA plus 1-MAC desflurane followed by TIVA alone. Data were to be collected during the initial exposure and craniectomy but before opening of the dura, because changes in the LSR have been known to occur after the dura is opened (which likely result from the relief of intracranial pressure and decreasing the neurovascular contact 12 ) and could impact facial MEPs as well. When time permitted, data were also obtained from the patients after the administration of 0.5-MAC desflurane. At least 10 minutes was allowed for equilibration after the introduction of desflurane, and often 15 or more minutes was required for the elimination of desflurane (as assessed by end-tidal monitoring) when the patient was switched to TIVA alone. The amount of propofol was adjusted to maintain EEG readings that were similar under either of the 2 anesthetic conditions. At each anesthetic condition, we assessed stimulus threshold, single-pulse responses, and desflurane suppression. It should be noted that not all patients were tested with single-pulse stimulation or 0.5-MAC desflurane. Because all data required collection before opening the dura, the washout time for desflurane often prevented some data from being acquired.
statistical analysis
Individual MEP peak-to-peak amplitudes (microvolts) and onset latencies (milliseconds) were averaged from 10 consecutive responses for each anesthetic condition (TIVA only vs TIVA plus desflurane [0.5 and/or 1.0 MAC]). If the MEP was abolished with desflurane, then the amplitude was considered to be zero. However, for onset latency, we excluded any zero responses, because they would render the subsequent average meaningless. For the statistical comparison, we examined the mean MEP amplitudes (± SEM) and onset latencies between the 3 HFS facial muscles and the combined MEP observations. A similar analysis was performed for the control (nonspasm) side.
SigmaPlot 13 (Systat Software Inc.) statistical software was used for analysis of the data. For pairwise comparisons, the Mann-Whitney rank-sum U-test was used for nonparametric data, and a paired t-test was used for normally distributed data. For comparison of the effects of desflurane from pooled MEP amplitudes, we used repeated-measures 1-way ANOVA with Holm-Sidak's method for multiple pairwise comparisons. When data were expressed as rates or proportions, the Fisher exact or z test was used for statistical analysis. A difference was considered statistically significant when p was < 0.05. Table 1 .
In addition to threshold stimulus voltages, we compared facial motor neuron excitability between the 2 sides by observing the proportion of patients in whom MEPs could be generated using a single transcranial electrical pulse while maintaining criteria for centrally generated responses. 4 Motor evoked potentials normally require multipulse stimulus trains to sufficiently depolarize motor 19 However, facial MEPs in patients with HFS may be an exception to this rule. 6, 36, 37 In the present study we found that on the HFS side, 17 (74%) of 23 of those patients tested responded to single-pulse stimulation with centrally derived MEPs compared with 4 (31%) of 13 patients tested on the control side (p = 0.03, z test). A representative MEP response is shown in Fig. 1 .
We also examined the onset latencies of MEPs for those patients responding with single-pulse transcranial stimulation versus multipulse stimulation from both sides; the results are summarized in Table 2 . There was a significant difference between single-pulse (13.1 ± 0.3 msec, all muscles) and multipulse (14.6 ± 0.5 msec, all muscles) latencies on the HFS side (p < 0.03), although there were no other differences between the HFS-and control-side MEP onset latencies. All MEPs elicited with a single pulse met the centrally derived criteria.
The effects of desflurane on facial MEP responses were compared between the HFS and control sides after the administration of TIVA. Table 1 details the MEP responses in patients after the administration of TIVA and desflurane according to individual facial muscle. We pooled these data to summarize the results (shown in Fig. 2) . Desflurane predictably suppressed facial MEP amplitudes at both 0.5 and 1.0 MAC, but only 1.0-MAC desflurane produced statistically significant suppression regardless of the recorded side ( Fig. 2; Table 1 ). Nevertheless, 1.0-MAC desflurane was significantly more potent in suppressing facial MEPs on the control side than on the spasm side (79% vs 59%, respectively; p = 0.03, Mann-Whitney ranksum U-test).
To demonstrate that desflurane did not affect the peripheral facial nerve or neuromuscular junction, we examined the mentalis muscle M waves resulting from supramaximal mandibular branch stimulation. Data from 28 patients revealed an equal mean M wave amplitude of 1.8 ± 0.2 mV after administration of TIVA or TIVA plus 1.0-MAC desflurane (p = 0.9, paired t-test). The mean arterial blood pressure of patients who underwent TIVA was 77.0 ± 2.8 mm Hg when spasm-side MEPs were recorded versus 77.4 ± 2.6 mm Hg during control data collection (p = 0.8, Mann-Whitney rank-sum U-test). Similarly, in patients who underwent TIVA plus desflurane, the mean arterial blood pressure was 75.9 ± 2.1 mm Hg during HFS MEP recordings and 75.8 ± 2.2 mm Hg during control-side MEP recordings (p = 1.0, t-test). Patient EEG status during the period of study fell into 1 of 2 descriptive categories: predominant alpha/delta or burst suppression. Analysis of the EEG data revealed no significant EEG differences in patients who underwent TIVA and those who underwent TIVA plus desflurane treatments, regardless of the side (p = 1.0, Fisher exact test).
Discussion
To our knowledge, this is the first study to contrast the effects of an inhalational anesthetic on facial MEPs in patients with HFS undergoing MVD surgery. It is notable that we found a suppressive effect of desflurane (1.0 MAC) on facial MEPs, but this effect was significantly less potent on the spasm side of the face. There was also a lower threshold stimulus needed to generate a facial MEP on the spasm side than on the nonspasm side. A greater excitability on the spasm side was also found with the observation that a single-pulse transcranial electrical stimulation was more likely to generate a facial MEP on the spasm side. The excitability differences of facial MEPs between the spasm and nonspasm sides and the differential effects of desflurane support the central hypothesis of pathophysiology in patients with HFS. Unlike the LSR, monitoring facial MEPs during MVD for HFS allows for bilateral recording and comparisons of facial motor excitability. This result may be of value in predicting the adequacy of surgical decompression and warrants further study. When monitoring facial MEPs during surgery, however, it remains important to recognize the inhibitory effects of inhalational anesthetics.
Inhalational anesthetics such as desflurane are well known for their suppressive effects on limb MEPs. 2, 3, 27, 31, 34 The locus of action for MEP suppression is primarily at the level of the alpha motor neuron in the spinal cord. 16, 19, 28 The MEPs elicited by transcranial electrical stimulation are initiated from corticospinal axons; thus, the cortical actions of inhalational anesthetics do not contribute significantly to MEP suppression. 1, 19 The same mechanisms apply to the corticobulbar tracts involved in facial MEP generation. In our study, the most likely locus of action for desflurane is the motor neurons of the facial nucleus, which would make desflurane a useful probe for investigating central versus peripheral mechanisms in patients with HFS. Our protocol enabled us to examine populations of facial motor neurons on both sides of the face, and we found differential effects of desflurane on spasm and nonspasm MEPs. Desflurane (1 MAC) significantly suppressed facial MEPs by 59% on the spasm side and 79% on the control side. Although 0.5-MAC desflurane reduced mean MEP amplitudes, these reductions did not reach significance (regardless of the side), which is consistent with the observations of others. 3, 32 It is noteworthy that the degree of desflurane suppression on nonspasm facial MEPs was in the range of MEP suppression reported for limb muscles. 31, 34 Differences in facial motor neuron excitability between the spasm and nonspasm sides are likely the key to understanding the differential effects of MEP suppression by desflurane. We believe that in patients with HFS, spasm-side facial motor neurons are more depolarized then those on the normal side. Thus, the depressive effects of desflurane are less potent, because the electrical stimulus to elicit an MEP need not depolarize the motor neuron membrane to the same degree as required on the less excitable nonspasm side. The result is a differential effect of desflurane on facial MEPs between sides. We also found that the success rates for generating facial MEPs were greater on the spasm side (84%) than on the nonspasm side (74%). Although it is tempting to speculate that this result also reflects evidence of enhanced excitability, it could well equally reflect the difference in the number of recording channels used for the spasm side (3 muscles) and for the nonspasm side (2 muscles). This difference might underscore the importance of recording from several facial muscles to obtain a broader picture of the facial motor neuron pool.
We observed no differences in EEG readings or mean arterial blood pressure of the patients during the periods of spasm data collection and those of nonspasm data collection. In addition, desflurane did not suppress the neuromuscular junction; mentalis muscle M waves were identical in patients who were given TIVA alone and in those who were given TIVA plus desflurane. Thus, we believe that differences in facial motor neuron excitability are responsible for the effects of desflurane that we observed in this study. We previously demonstrated significant MEP stimulus threshold differences between patients with HFS and patients who were undergoing posterior fossa procedures and concluded that patients with HFS exhibit elevated facial motor neuron excitability. 36 However, we could not rule out that the comparison patients in that study had a hypofunctioning corticobulbar pathway when compared with the patients with HFS. Therefore, in the present study, we compared MEP stimulation thresholds on the spasm and nonspasm sides of patients with HFS during MVD surgery. The observed spasm-side MEP threshold of 162.9 ± 10.1 V was similar to that found in our previous work, 36 but it was significantly lower than that on the nonspasm side (198.3 ± 10.1 V). This result confirmed that spasm-side facial motor neurons require less depolarizing stimuli to achieve a firing threshold. Similar results have been found when using transcranial magnetic stimulation in awake patients with HFS.
Another method for assessing motor neuron excitability was conducted using single-and multipulse transcranial electrical stimulation to elicit facial MEPs. It is widely accepted that when a patient has been given general anesthesia, multipulse transcranial electrical stimulation is required to generate MEP responses. 15, 19, 26 In patients with HFS, however, single pulses are often sufficient to generate facial MEPs even after having been administered anesthesia. 6, 36, 37 We have interpreted this to indicate that in patients with HFS, the facial motor neurons are in an excitation state that requires little or no temporal summation for action potential initiation. Our results show that spasm-side MEPs were generated in 74% of the patients by using single-pulse transcranial stimulation but in only 31% of the patients on the nonspasm side. In a previous cohort, we also found that spasm-side facial MEPs were elicited with single-pulse stimulation in 76% of the patients with HFS. 36 A criticism of the single-pulse method has been put forth from the belief that only multipulse stimuli can generate a true corticobulbar MEP. 18 However, all singlepulse responses met corticobulbar MEP criteria, 4 and we believe that these responses reflect a unique neurophysiological characteristic of patients with HFS that is absent in other patient groups. The value of studying facial MEPs in patients with HFS is that the generation of these responses occurs proximal to the neurovascular contact; therefore, differences in the MEP threshold or the number of stimulation pulses required to elicit a MEP response are established centrally, which supports the central hypothesis of pathophysiology in patients with HFS. Dong et al. 4 established the onset-latency criteria for corticobulbar-generated MEPs, and 10 msec is considered the minimum acceptable value. Onset latencies of < 10 msec are interpreted as extracranial activation of the facial nerve and thus not centrally generated. Using a single-pulse stimulation method, we found that MEP onset latencies met corticobulbar-generated criteria and were not different between the spasm-and nonspasm-side responses. However, we did observe longer mean onset latencies from spasmside MEPs elicited with multiple stimulation pulses ( Table  1) . We are unsure if this result is physiologically significant, because we previously found no differences in the onset latencies of MEPs generated with single-pulse stimuli and those generated with multipulse stimuli. 36 In addition, an examination of the data revealed 3 responses from the multipulse group for which the onset latencies exceeded 20 msec, which is more than 2 standard deviations from the mean. Thus, the difference in onset latencies likely represents a sampling issue rather than a significant physiological phenomenon.
conclusions
Motor neuron excitability and the actions of desflurane are both the result of physiological processes within the central nervous system. The suppressive effects of this inhaled anesthetic on facial MEPs were significantly less and facial motor neuron excitability was significantly greater on the spasm side than on the nonspasm side. These data provide new evidence that implicates a central pathophysiology unique to patients with HFS.
Volatile anesthetic agents should be used with caution if LSR or MEP responses are to be relied on during surgery, and no more than 0.5 MAC of desflurane should be incorporated into the anesthetic regimen. Recording from several facial muscles is also recommended. Although monitoring the LSR is commonly relied on for confirming the adequacy of decompression during surgery for HFS, facial MEPs also allow for bilateral recordings for comparisons of facial motor excitability that also may be of value for predicting the adequacy of surgical decompression and deserves further study.
acknowledgments
We thank the members of the Department of Anesthesiology and Perioperative Medicine for their participation in this study. We also acknowledge K. Thompson, CNIM, and L. Vargas, CNIM, for their expert technical assistance.
references

